We demonstrate, theoretically and experimentally, that dipole-mode vector solitons created in biased photorefractive media possess a number of anisotropy-driven properties, such as stability of a selected orientation, wobbling, and incomplete rotation, owing to the anisotropic nonlocal response of the photorefractive nonlinearity. Such features are found for higher-order (multipole) vector solitons, and they are carefully verified in an experiment.
Recent studies of the interaction of mutually incoherent optical beams in isotropic nonlinear bulk media revealed the existence of a novel type of very robust self-trapped state, a dipole-mode vector soliton. 1 Such a vector soliton can be viewed, at least when one of its components is very weak, as a dipolelike Hermite-Gaussian ͑HG 01 ͒ guided mode trapped by the soliton-induced waveguide created by a stronger component. Subsequently, the experimental generation of these composite solitons was demonstrated almost simultaneously by two groups. 2, 3 More recently, this concept was extended to multipole self-trapped states, such as quadrupole vector solitons, which were also observed experimentally. 4 However, the experimental results for the composite self-trapped beams were obtained in photorefractive crystals known to exhibit a strongly anisotropic nonlocal nonlinear response usually characterized by an asymmetric induced refractive-index change. 5 The anisotropy becomes particularly important for the interaction of several self-trapped beams, and two initially mutually incoherent solitons may experience both attractive and repulsive interactions, depending on their relative separation and location in the crystal. 6 Given the strong anisotropy of the photorefractive nonlinearities, it is crucially important whether the theoretical prediction of the dipole-mode vector solitons made for isotropic nonlinear media 1 can be applied to the case of anisotropic nonlocal self-focusing media. In this Letter we employ the two-beam generalization of the Zozulya-Anderson model, which takes into account the most important properties of photorefractive nonlinearities, 5, 6 and demonstrate that stable dipole-mode vector solitons can exist even in anisotropic media with a nonlocal nonlinear response. We reveal a number of new anisotropy-driven features of those solitons, namely, that all vector solitons with broken radial symmetry exhibit orientation-dependent dynamics. Additionally, we show that our findings can be extended to a broader class of multipole solitons and confirm our results experimentally.
We consider the interaction of two mutually incoherent optical beams with envelopes E 1 and E 2 , propagating in a biased photorefractive crystal. When the diffusion f ield can be neglected, the steady-state propagation along the z axis of a photorefractive crystal with an externally applied electric field along the y axis is described by the equations 5, 6 i
where g and E 0 are the normalized nonlinearity coefficient and the external field, respectively; I ϵ jE 1 j 2 1 jE 2 j 2 is the total intensity; = x͑≠͞≠x͒ 1ŷ͑≠͞≠y͒; and w is the dimensionless electrostatic potential induced by the light, with boundary condition =w͑r !`͒ ! 0. The propagation coordinate z is measured in the units of the diffraction length, and the transverse coordinates are normalized by the characteristic beam size ͑x 0 ͒.
Equations (1) are highly anisotropic and do not allow radially symmetric localized solutions for solitary waves. Therefore, we look for stationary solutions in the form E 1, 2 ͑x, y͒ u 1, 2 ͑x, y͒exp͑il 1, 2 z͒ and solve numerically a two-dimensional eigenvalue problem for mode amplitudes u 1, 2 , employing an iterative relaxation procedure analogous to that presented in Ref. 7 . Our goal is to f ind stationary two-component solutions of Eqs. (1) for the dipole-mode vector solitons. Therefore, we search for the solutions when one of the components, say, E 1 , creates a self-trapped fundamental (no nodes) beam in a photorefractive medium that traps and guides a weaker component, E 2 , in the form of the HG 01 mode with two lobes of opposite phase. 1, 2 In the case of isotropic nonlinearity, such a dipolelike structure has an arbitrary orientation in the ͑x, y͒ plane. However, for model (1) we are able to f ind stationary solutions of this kind only for the specific orientation of the dipole axis perpendicular to the direction of the external field (see Fig. 1) ; otherwise, our numerical procedure does not converge. This means that such an orientation of the dipole component corresponds to a global minimum of the corresponding nonlinear system.
To investigate the dynamics of the dipole-mode solitons in a more general case, we solve Eqs. (1) numerically with appropriate initial conditions. Simulations have been conducted for various beam intensities and different orientations of the dipole component. Some of our results are shown in Fig. 2 . When we launch the initial beams according to the "correct" orientation of the dipole [ Fig. 2(a) ], they create a very robust dipole-mode soliton. Increasing the input intensity of the first component leads to oscillations of the beam prof iles near this stationary solution.
For the perpendicular orientation, the same dipole component is strongly affected by the anisotropy and diffracts [see Fig. 2(b) ]. Such diffraction can be really slow when the intensity of the Gaussian beam is increased. We can identify this state as quasistationary, since it can be observed for many diffraction lengths of propagation.
When the dipole is rotated about the stationary states, its dynamics becomes more complicated [see Figs. 2(c) and 2(d)]. From the propagation dynamics depicted in Fig. 2(c) , it can clearly be seen that the dipole starts wobbling along the vertical axis; however, the dipole component slowly diffracts with the propagation. This distortion could be suppressed for long-term propagation if the intensity of the Gaussian component were made more than f ive times bigger than the dipole. Such an intense Gaussian beam gives rise to strong saturation of nonlinearity and creates an effectively isotropic refractive-index channel, in which the dipole may exhibit long-term rotation, as has been shown for the isotropic model. 1 An intermediate initial orientation (45 ± ) of the dipole leads to more-complicated dynamics [see Fig. 2(d)] . First, the dipole rotates by almost 90 ± , but then it moves backward, before settling into low-amplitude oscillations around the horizontal axis. The behavior observed in our numerical calculations does suggest that the horizontal state corresponds to a global minimum.
To support the numerical results presented above, we have conducted experiments in an anisotropic photorefractive crystal, strontium barium niobate. The setup is similar to that reported in Refs. 2 and 4. The beam from a solid-state cw laser (532 nm) is split into two parts. One of the beams passes through a phase mask, generating a desirable high-order Hermite -Gaussian mode, while the other beam is transmitted by a system of mirrors, one of which is mounted on a piezo element oscillating at 1 kHz. Both beams are later combined by a beam splitter and subsequently focused on a 10-mm-long crystal, biased along its optical axis with a 2-kV͞cm dc electric field. The crystal is uniformly illuminated with an incoherent white-light source to control the effective degree of nonlinearity saturation. The input and output of the crystal are imaged onto a CCD camera. The frequency difference of the two beams induced by the oscillating mirror makes them effectively mutually incoherent inside the crystal, as its slow response is not able to follow the fast change of their relative phase.
The experimental results for the simultaneous beam propagation for horizontal and vertical orientations of the dipole component are shown in Fig. 3 . The formation of a bound state in the first case [ Fig. 3(b) ] and its lack in the second [ Fig. 3(d) ] are clearly visible. The difference in the beam outputs indicates that, under the same experimental conditions, a dipole-mode state is easily observed for the horizontal orientation, whereas no bound state is formed for the vertically oriented dipole component. 8 The latter orientation also suffers from the so-called self-bending effect, 9 which is not described by theoretical model (1) . Additionally, the state oriented at 45 ± was investigated, and the dipole was found to be aligned toward the horizontal direction. The degree of rotation at the output strongly depends on the power of the Gaussian component; however, beam distortion was observed for high powers. This feature is a strong indication that the horizontal orientation of the dipole is preferable to the vertical orientation.
The strong effect of anisotropy of the photorefractive nonlinearity on the orientation and stability of the dipole-mode vector solitons suggests that all types of higher-order multipole vector soliton predicted in Ref. 4 should demonstrate similar behavior. Indeed, we f ind that such multipole-vector solitons can be observed experimentally only for a specif ic orientation of the beam lobes. This feature is confirmed numerically by propagation of a quadrupole-mode vector soliton for two particular orientations, as shown in Figs. 4(a) and 4(b) . In Fig. 4(a) , the structure exhibits stable propagation, whereas for the other configuration [ Fig. 4(b) In conclusion, we have studied the effect of strong anisotropy of photorefractive nonlinearity on the existence and stability of dipole-mode vector solitons. We have shown that there exist only two stationary (stable and quasi-stable) orientations of the dipole, and in all other cases the dipole displays complicated rotation and nonstationary dynamics. Similar features are also found for higher-order multipole composite solitary waves.
